Methanol is an important anaerobic substrate in industrial wastewater treatment and the natural environment. Previous studies indicate that cobalt greatly stimulates methane formation during anaerobic treatment of methanolic wastewaters. To evaluate the effect of cobalt in a mixed culture, a sludge with low background levels of cobalt was cultivated in an upflow anaerobic sludge blanket reactor. Specific inhibitors in batch assays were then utilized to study the effect of cobalt on the growth rate and activity of different microorganisms involved in the anaerobic degradation of methanol. Only methylotrophic methanogens and acetogens were stimulated by cobalt additions, while the other trophic groups utilizing downstream intermediates, H2-CO2 or acetate, were largely unaffected. The optimal concentration of cobalt for the growth and activity of methanol-utilizing methanogens and acetogens was 0.05 mg liter-'. The higher requirement of cobalt is presumably due to the previously reported production of unique corrinoid-containing enzymes (or coenzymes) by direct utilizers of methanol. This distinctly high requirement of cobalt by methylotrophs should be considered during methanolic wastewater treatment. Methylotroph methanogens presented a 60-fold-higher affinity for methanol than acetogens. This result in combination with the fact that acetogens grow slightly faster than methanogens under optimal cobalt conditions indicates that acetogens can outcompete methanogens only when reactor methanol and cobalt concentrations are high, provided enough inorganic carbon is available.
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Acetate and H2-C02 intermediates during anaerobic degradation of organic matter are recognized as important methanogenic substrates. Consequently, considerable research has been dedicated to the behavior of acetoclastic and hydrogenotrophic methanogens during anaerobic wastewater treatment. Less studied is the role of methylotrophic methanogens which are involved in the metabolism of C1 substrates in wastewaters, wastes, and the natural environment.
Methanol is utilized in several chemical industries, such as in the production of formaldehyde (41) and esters (47) . Methanol is also generated in condensation processes at pulp mills (25, 31) and coal gasification installations (28) . In kraft pulp mill evaporator condensates, methanol is the main organic pollutant, with concentrations ranging from 1.5 to 24.5 g liter-' (26) . Methanol is also present in natural anaerobic environments, such as anoxic lake sediments and rumen fluid (33, 35) . Methanol is released from the anaerobic decomposition of pectin (34) or, similarly, the equivalent of methanol is metabolized from methoxylated phenols (2, 7, 13, 22, 30) . In marine sediments, methanol may also be a methane precursor, although methylamines are more important methanogenic substrates (18) . The same microorganisms involved in the anaerobic degradation of methanol are also involved in the anaerobic degradation of halomethane compounds (3, 8, 24, 27, 38) . Halogenated C1 compounds are present in the environment as natural (48) or xenobiotic (16) substances.
Methanol, a simple C1 compound, potentially supports a complex food chain composed of a variety of possible trophic groups. Table 1 presents the main reactions involved in the anaerobic degradation of methanol and summarizes their stoichiometry and Gibbs free-energy changes under standard conditions. Several species of methanogens (17) and acetogens (22) are able to directly utilize methanol as a carbon and energy source for growth. Nitrate-and sulfatereducing bacteria which can utilize methanol are also known (4, 23, 29) . Acetogens produce acetate or H2-C02 from methanol (5). Thus, methanol can indirectly support hydrogenotrophic (14, 17, 22) and acetoclastic organisms (17, 46) when acetate or H2-C02 is generated.
Previously, we have studied the effect of trace elements on the anaerobic degradation of methanol by anaerobic sludge (10) . Cobalt was the only trace element tested which greatly enhanced methanogenesis from methanol. Cobalt had no remarkable influence on methanogenesis when acetate was used as the substrate. Aside from methanogenesis, acetogenesis of methanol was also stimulated by cobalt, which can result in reactor upsets due to a pH drop from the accumulation of acetate (20, 21) . In continuous experiments, less acetate was formed in a cobalt-deprived reactor than in a cobalt-supplemented reactor. These results suggested that cobalt levels could be used to prevent acetate formation from methanol. Of particular interest is the possibility that the cobalt concentration could be used as a parameter for controlling substrate flow during anaerobic treatment of methanolic wastewaters. Since cobalt may play a crucial role in the anaerobic degradation of methanol, the objective of this study was to determine which trophic groups in a natural mixed culture respond to cobalt addition. For this purpose, a methanol-degrading consortium with low background levels of cobalt was cultivated in a continuous anaerobic reactor deprived of cobalt supplementation (10) . Methanogenic and acetogenic activity batch assays utilizing specific inhibitors were used to study the composition of the population. The APPL. ENVIRON. MICROBIOL. effect of cobalt on each of the trophic groups was also evaluated by measuring their growth rate.
MATERIALS AND METHODS
Biomass. All experiments were carried out with freshly collected methanogenic granular sludge taken from a laboratory-scale upflow anaerobic sludge blanket reactor. The sludge was cultivated on methanol as the only substrate in a mineral medium deprived of cobalt for 1 year (10) . The sludge was rinsed with demineralized water before being used in the batch assays.
The contents of total suspended solids and the volatile suspended solids (VSS) of the sludge were 7.7 and 7.0%, respectively, as determined by standard methods (1) . The total cobalt concentration of the sludge after 4 Analyses. The pH was determined potentiometrically.
Methanol and volatile fatty acids (VFA) were determined by gas chromatography by using a flame ionization detector (10) . Samples for measuring hydrogen (500 ,ul) and methane (100 ,ul) were obtained by using gas-tight syringes equipped with Pressure-Lok valves (Dynatech, Baton Rouge, La.). Methane was analyzed by using a flame ionization gas chromatograph model 438/S (Packard-Becker, Delft, The Netherlands). The gas chromatograph was equipped with a steel column (2 m by 2 mm) packed with Porapak Q (80/100 mesh; Millipore Corp., Bedford, Mass.). The temperatures of the column, injector port, and the flame ionization detector were 60, 200, and 220'C, respectively. Nitrogen was used as a carrier gas at a flow rate of 20 ml min-'. Hydrogen was detected by thermal conductivity in a model 5890 gas chromatograph (Hewlett-Packard, Palo Alto, Calif.). The gas chromatograph was equipped with a steel column (1.5 m by 2 mm) packed with molecular sieve 0.5 nm (60/80 mesh; Chrompack, Bergen op Zoom, The Netherlands). Argon was used as a carrier gas (45 ml min-'). The column, injection port, and thermal conductivity detector temperatures were 40, 110, and 125'C, respectively.
Experimental setup. Specific inhibitors were utilized to study the composition of the population by activities and apparent growth rate measurements. Figure 1 and Table 1 represent the general strategy utilized for blocking the competitive reactions and the substrates utilized for evaluating the activity or growth of individual pathways for the anaerobic degradation of methanol. To minimize cobalt contamination, all glassware was washed with 5 M HNO3 solution and rinsed with demineralized water. All experiments were conducted by using macro-and micronutrients at the concentrations outlined previously for the basal medium, except for cobalt. This micronutrient was either omitted, added at the concentration of the basal medium, or added at increasing concentrations. As liquid and bottle volumes that were used depended on the substrate and inhibitor utilized: a 50-ml working volume in a 315-ml serum bottle was used for pathways 1 and 2; 200 ml in a 570-ml serum bottle was used for pathways 3, 4, 7, and 8; and 120 ml in a 570-ml serum bottle was used for pathways 5 fcoatgeal tmuaeh rtheefof BESAan anoductobal fon methanol,utiiato bys metoisallu ostraed in Fig. 2 .a Methayine prdctionttoccurrday required for total substrate consumption in cobalt-deprived bottles. The period at the start of the assay (between 0 and 2 days) was used to determine the microbial activities. In this period, the rate of methane formation was constant, and at least 70% of the substrate applied was converted to methane ( Fig. 2A) , indicating a large initial population of methylotrophic methanogens. BESA, at a concentration of 30 mM, halted methanogenesis from methanol (Fig. 2B) . Instead, VFA were formed in an exponentially increasing pattern, which indicated the growth of acetogenic microorganisms during the assay, although the initial activity was low. Acetate was the main VFA produced and represented more than 98% of the VFA formed. Cobalt greatly stimulated acetogenesis from methanol. When vancomycin and BESA were applied together, methanol was not degraded (data not shown).
The effect of inhibitors and cobalt on the product yield for several substrates, after 1 week of incubation, is presented in from all substrates utilized. When methanol and H2-C02 were used as substrates, the main product formed in the absence of methanogenesis was acetate. Vancomycin blocked acetogenesis, with methane being the main product from methanol and H2-C02. Hydrogen was always detected, as a product from methanol or acetate, but only in trace amounts. When no inhibitors were applied, methane was the main product from methanol, whereas acetate was the main product from H2-C02. From methanol plus H2, methane was the main product, similar to the results with methanol alone (data not shown). Table 3 presents the effect of cobalt on the initial specific activities for methanogens and acetogens in the mixed culture. The activity measurements provide reliable information about the predominant population present in the sludge. The only major populations were those involved in the conversion of methanol to methane. Cobalt stimulated their activity. Activity assays with specific inhibitors indicate that methane was being formed directly from methanol and not via acetate formation nor H2 (Fig. 3) . Figure 3 also illustrates that cobalt remarkably stimulated the activity of methylotrophic methanogens by more than eightfold.
Activity assays do not adequately indicate the presence of nondominant populations that could quickly grow and take over when conditions are favorable. Such conditions are created when the competitor is switched off by specific inhibitors. The effect of cobalt on the growth rate for each individual population is illustrated in Fig. 4 . Cobalt enhanced the growth rate of methanol-consuming methanogens and acetogens by factors of 3 and 4, respectively. Methanogenesis and acetogenesis of the other substrates besides methanol were practically unaffected by supplementation of cobalt. In some cases, mild inhibition occurred. These results clearly show that cobalt had only a strong stimulating effect on the trophic groups that were directly utilizing methanol. Among the substrates utilized, a remarkably high growth rate was observed for acetogens utilizing H2-CO2. A noteworthy growth rate of methanogens on H2-CO2 was also evident. The lowest growth rate was found for acetoclastic methanogens, and the supplementation with cobalt apparently lowered their rate slightly.
Since it was shown that growth and activity of methylotrophic anaerobes were greatly stimulated by the cobalt addition, the optimum cobalt concentration required for growth of acetogens and methanogens was determined (Fig.  5) . Optimum concentrations for the growth of acetogens and methanogens in both cases were around 0.05 mg of Co liter-1, and both of these populations had similar growth rates, although that of acetogens was slightly higher at high cobalt levels. Growth in the absence of cobalt addition is attributed to low levels of cobalt in the inoculum or as contaminants in chemicals in the mineral medium. For the methanogens, specific methanogenic activity was also determined as a function of cobalt addition (data not shown). Vancomycin addition had no effect on the activity results since the initial concentration of acetogens in the sludge and thus substrate competition were low. The pattern of cobalt stimulation was similar to that found for growth.
The apparent substrate affinity coefficients based on a Lineweaver-Burk plot were 0.25 and 16 mM methanol (12 and 770 mg of COD liter-') for methylotrophic methanogens and acetogens, respectively. These determinations were conducted when cobalt was supplied at the concentration present in the standard basal medium.
DISCUSSION
Influence of cobalt. Cobalt is the central ion in corrinoids present in all methanogens and acetogens (40) . A number of corrinoid-dependent reactions are known to take place in the intermediary metabolism of substrates by methanogens and acetogens (49) . In methanogens, corrinoids are involved in methyl transfer from methanol to methyl coenzyme M (43, 45) , the common precursor of methane from all substrates. In acetogens, corrinoids participate in the formation of acetyl coenzyme A, the precursor intermediate of acetate and cell synthesis (49) . However, the content of corrinoids in anaerobic bacteria varies greatly among species and substrate utilized but is always higher when cells are grown on methanol (19) . The initial step of methanol conversion in methanol-consuming anaerobes, such as the methanogen Methanosarcina barken and the acetogen Eubacterium limosum, proceeds in a similar way and is catalyzed by an additional corrinoid-containing enzyme known as methyltransferase (43, 44) . Recently, an induced corrinoid-containing protein was reported to occur only in methanol-grown cells of an acetogenic bacterium Sporomusa ovata (39) . Thus, the high requirement for cobalt found in our studies is presumably due to the production of unique corrinoidcontaining enzymes or coenzymes that are only present in methylotrophs.
The addition of cobalt stimulated the activity and growth of both methanogens and acetogens, which HCO3f) is added, the maximum acetate production will be equal to 33% of the consumed methanol, when methanogenesis occurs. The complexity of this food web is even greater when inorganic electron acceptors such as sulfate are also available (14, 32) . Syntrophy and competition among organisms may occur in such environments (6, 32) . The formation of H2-CO2 from methanol is dependent on the removal of H2 by hydrogenotrophic anaerobes (5, 14) since hydrogen accumulation would be thermodynamically unfavorable (32, 42) . Thus, it is necessary that the syntrophic organism keeps the hydrogen partial pressure extremely low (42) . Competition for methanol may occur between methylotrophic acetogens and methanogens, and also competition for H2-CO2 between hydrogenotrophs is possible (13) . H2 is also produced in minor amounts by direct methanogenesis of methanol (32 (10) . At this concentration, the growth rate of methanogens exceeds that of acetogens by a factor of 1.4 under cobalt-limiting conditions and by a factor of 1.1 under cobalt-sufficient conditions (Fig. 6 ). Cobalt limitation enhances the competitive edge but by no means is the decisive factor because both methylotrophic methanogens and acetogens have similar response to cobalt supplementation. Therefore, cobalt concentration and methanol concentration are two factors which are important in the competition between the two populations, provided that sufficient inorganic carbon is available.
The absence of any significant population of acetoclastic methanogens, H2-CO2-utilizing methanogens, and acetogens in the cobalt-deprived sludge can easily be explained by the predominance of methylotrophic methanogens. These methanogens consumed all of the substrate so that products from methylotrophic acetogens were not present in significant quantities to support other members of the food chain. This might be the reason why Methanosarcina species were preferentially enriched instead of acetogens when methanol was used as the sole organic carbon and energy source (2, 50) . Thus, acetogens can dominate only when special conditions are created by the specific methanogenic inhibitor BESA or by specific toxicity of methanogens such as that caused by dichloromethane (12) and chloroform (15) . Also, toxicity due to undissociated acetic acid, resulting from the accumulation of acetic acid exceeding the buffer capacity, selectively inhibited the methanogens and caused the predominance of acetogens (9 
